The temporary reduction in lactase and other disaccharidases in iron deficient-infants might predispose them to malabsorption Newborn rats born to iron deficient mothers QIDM) were found and diarrhea, which contribute to the lowered serum protein and to have significantly lower hemoglobin, sucrase, lactase and mal-increased incidence of low weight percentiles observed in iron tase levels compared to control newborn rats.
Summary
The temporary reduction in lactase and other disaccharidases in iron deficient-infants might predispose them to malabsorption Newborn rats born to iron deficient mothers QIDM) were found and diarrhea, which contribute to the lowered serum protein and to have significantly lower hemoglobin, sucrase, lactase and mal-increased incidence of low weight percentiles observed in iron tase levels compared to control newborn rats.
Rats born to IDM and nursed bv IDM. when sacrificed at 21 deficient infants.
days of age, had statistically significantly lower hemoglobin, serum Many studies in animals and man have shown that during iron iron, sucrase, lactase and maltase levels compared to control rats. deficiency there are various biochemical ,-hanges demonstrable in Rats IDM, but nursed sufficient Inothers (ISM) most tissues and organs of the body. Some of these alterations and sacrificed at 21
of age, had serum iron and appear to be permanent and others reversible. The purpose of this levels to rats whereas lactase and investigation was to study the effect of iron deficiency on &sac-were not corrected 21 of nursing ISM. Rats &aridase levels in the intestine of rats at birth and on rats during born IDM and nursed either IDM Or ISM for 21 were the nursing and postweaning periods and to determine whether given intramuscular iron dextran and placed on iron sufficient diet alterations in disaccharidase activity induced by iron deficiency (ISD) for 7 days. These animals experienced correction of the are reversible with iron therapy, hemoglobin, serum iron, sucrase and maltase levels compared to control rats, whereas intestinal lactase was not corrected by 7 days of ISD and intramuscular iron.
MATERIALS AND METHODS
Rats born to ISM, nursed by IDM and sacrificed on day 21 had Animals. Sixty adult female Sprague-Dawley rats weighing from significantly lower hemoglobin, serum iron and intestinal lactase 225-249 were studied. hi*^ rats, comprising the experimental levels compared to control rats-Rats born to ISM and nursed by group, were placed on a specially prepared iron-depleted diet IDM were given intramuscular iron dextran on day 21 and placed (IDD). The diet was prepared by General Biochemical Laborson an ISD from day 21-28. These animals had a return in tories, Chagrin Falls, OH. The remaining 30 adult female rats, the hemoglobin, serum iron, sucrase and maltase levels comparable to control group, were given the same diet but iron (ferrous ammocontrol rats. nium citrate 250 mg/liter) was added to their drinking water (iron Rats born to and nursed by ISM and maintained on an iron sufficient diet-ISD). Three wk later, all female rats from both deficient diet from day 21-84 had significantly lower hemoglobin, groups were mated and their pups studied. When administered serum iron, sucrase, lactase and maltase levels compared to parenterally to the pups, iron was given as iron dextran, 5 mg control rats. Rats born to and nursed by ISM, maintained on iron intramuscularly ( 1~) . deficient diet from day 21-84, and then given intramuscular iron collection of specimens. ~l~~d specimens for blood glucose dextran on day 84 and maintained on an ISD until day 92, determinations and hematologic studies were obtained from the experienced correction of the hemoglobin, serum iron and lactase tail veins. Preweaning rats were fasted for 2-4 h and postweaning levels compared to control rats. Intramuscular iron and 7 days of rats for 10-16 h before sacrifice. At the time of sacrifice, rats were ISD did not correct the sucrase and maltase levels in these rats. anesthetized with ether and exsanguinated by cannulating the Lactose tolerance tests in iron deficient rats showed flat curves abdominal aorta. Blood was taken for serum iron determination compared to controls. After iron treatment, lactose tolerance and hematologic studies. In younger rats a 2.5 cm segment of curves returned to control values. jejunum, measured distally from the ligament of Treitz, was Iron deficiency in rats in utero, during the nursing and postwean-removed and in older rats a 5.0 cm segment of jejunum was ing period causes, in addition to anemia, a reduction in jejunal removed, Each segment was rinsed in ice-cold saline. disaccharidase activity because of an alteration in the enzymes of preparation of intestinal tissue. Because of the small size of the the brush border membrane-Varying degrees of reduction and animals at birth, brush border membrane isolation was not posresponse of certain disaccharidases to iron treatment are depenand homogenates of the whole thickness of the jejunum were dent on the time of iron deprivation in relationship to the intra-prepared as described by Seetharam el al. (13) . In newborn uterine and postnatal development of the digestive and absorptive animals, five groups consisting of ten pooled intestines were functions in the small intestine.
employed for each point whereas in older suckling and adult rats, Alterations in the levels of disaccharidases demonstrated in this single preparations were measured. Centrifuged homogenates Paper represent another aspect of the spectrum of bbchemical were lyophilized and stored at -70°C until the conclusion of the effects of iron deficiency. experiment to assure identical assay conditions. Speculation Assay of disaccharidases. The fluorimetric technique developed by Peters et al. (10) was employed for disaccharidase assays. The Iron deficiency has a profound effect on protein synthesis. homogenate was dissolved in 0.5 ml of 0.05 M, pH 8.8 Tris-glycine Alterations in the levels of disaccharidases represent only a frac-HCI and 0.10 ml of a suitable dilution was added to 0. I0 ml of the tion of this effect.
appropriate substrate (0.056 M disaccharide in 0.1 M sodium maleate buffer at pH 6.0) at timed intervals. The homogenate buffer was diluted 1 : 15 and sometimes even higher dilutions were necessary. The inhibitory effect of Tris was not significant under the assay conditions employed. Incubation was carried out at 37°C for 60 min and then a mixture of glucose oxidase, horseradish peroxidase and homovanillic acid in pH 8.0 Tris-HC1 buffer was added for an additional 30 min of incubation. The reaction was stopped by the addition of pH 10.6 borate buffer. The vanillin formed was assayed spectrophotometrically on a Turner photofluorimeter using 3 15 nm as the exciting wavelength and 425 nm as the fluorescing wavelength. All studies were performed at least in duplicate and the data is expressed as the mean of the measured values. Activity is given in U/g protein.
Assay of protein content. The protein content was determined using the Lowry procedure with bovine serum albumin as the reference standard (8) .
SDS-Polyacrylamide electrophoresis. Modification of the method of Freiburghaus et al. (2) was employed. One to four mg of protein was applied to 0.9 cm acrylamide gels after dissolving the material in sodium dodecyl sulfate (SDS), 0.1 1%. In initial runs the solution was boiled for 10 min and compared to those in which it was maintained at 4°C before application. There was far greater preservation of enzyme activity without heat treatment and no difference in protein staining. For this reason samples were handled as described by Seetharam et al. (13) . Runs were performed at 3OC using 2 mamps/gel until the bromphenol blue dye front reached the bottom of the gel, about 5 h. Gels were divided and half of them immediately frozen at -20°C. Gels used for scanning were fmed in a solution of 25% isopropanol (v/v) and 10% acetic acid (v/v) for a minimum of 2 h. Staining was carried out overnight in Coomassie blue (0.25%), 50% methanol, and 10% acetic acid. Destaining was accomplished with 10% acetic acid-5% methanol on a rotavshaker. ~e l s were scanned at 550 nm using a Gilford Model 2400-S automatic recording spectrophotometer equipped with a gel scanning accessory.
In newborn pups separation of the mucosal brush border from the remaining tissue was not possible because of the small size. Homogenates, therefore, consisted of submucosal and muscularis layers in addition to the mucosal brush border. Of necessity, this lead to additional peaks of protein compared to scans of homogenates consisting only of mucosal brush border. The patterns however from these newborn pups were completely reproducible.
Scanning gels for enzymatic activity. Frozen gels were sliced into 1 mm discs and eluted with 1.10 ml water, overnight, at 4OC. Samples were then assayed according to the colorimetric procedure of Freiburghaus et al. (2) or the fluorimetric method of Peters et al. (10) .
Lactose tolerance test. Lactose tolerance test was performed by administering lactose in a dose of 1 mg/g of body weight as a 10% solution through a feeding tube into the stomachs of the rats.
Blood glucose levels were determined by a micromethod (9) from the blood specimens obtained by tail vein puncture at 0, 15,30,45 and 60 min intervals.
Analysis of data. All dta were analyzed using Student's t test, two-tailed, with 2P < 0.10 being significant (equivalent to P < 0.05).
RESULTS
The iron deficient rats, although seemingly healthy, were severely anemic. At the time of delivery mother rats fed on IDD had a significantly lower hemoglobin and serum iron levels (9.22 rt 1.3 g/dl and 7 1.4 f 4.2 &dl respectively) compared to mother rats fed on ISD (13.42 f 0.57 g/dl and 101.8 + 4.3 &dl) (2P < 0.001).
Study I: Effect of maternal iron deficiency on the hemoglobin and disaccharidase levels in rats at birth. In order to compare the effect of maternal iron deprivation on the disaccharidase levels at birth, 50 pups from iron deficient mothers (IDM) were randomly selected and compared to a comparable group from the iron sufficient mothers (ISM). The data is shown in Table 1 . Animals born to IDM have lower hemoglobin, sucrase, lactase and maltase levels. In order to investigate whether the effect of iron was confined to disaccharidases (among the intestinal proteins) and to determine if iron deficiency produced only quantitative changes SDS-gel electrophoresis was carried out with parallel enzyme assays on each molecular weight range. Figure 1 (as compared to the control homogenate in Fig. 2 ) reveals two important observations. First, there is a dramatic shift of protein (OD550 material) from higher molecular weight species on the left to smaller moieties on the right. This suggests a reduction in the ability to synthesize large molecules compared to normal (Fig. 2) . It is important to note that it required three times as much protein from the iron deficient animals to obtain comparable enzyme levels. Second, the enzymes from the iron deficient animals are distributed in several peaks, at least three slurred fractions for each enzvme. In the controls (inset in Fig. 2 ) there is one maltase, two lactase and three sharp sucrase peaks; a pattern much closer to what is found in the intact adult (one maltase peak of high molecular weight; two sucrase peaks, one under the maltase and one of substantially smaller mass; and a lactase peak between the two sucrase activities are usually noted in brush border preparations). We interpret this consistent reproducible difference as reflecting a disturbance in enzyme synthesis beyond a simple diminution in synthetic rate.
Study 11: Effect of maternal iron deficiency and iron deficiency during nursing period on hemoglobin, serum iron and jejunal disaccharidase levels in rats 21 days of age and the effect of iron administration. In order to examine the effect of maternal iron deficiency and iron deficiency during the nursing period, four groups of five animals each were established using newborn pups born to IDM. Of a control group of 10 rats born to and nursed by ISM, five were sacrificed at 21 days and five were sacrificed at 28 days of age. Group I consisted of animals nursed by their own IDM and sacrificed at 21 days. Group I1 was animals nursed by ISM and sacrificed at 21 days. Group 111 was animals nursed by their own IDM and on day 21 the animals were given IM iron and the animals were maintained on and ISD until sacrificed on day 28. Group IV was animals nursed by ISM and on day 21 given IM iron and the animals were maintained on an ISD until sacrificed on day 28.
The results of this experiment are shown in Table 2 . Rats born to and nursed by IDM and sacrificed on day 21 had a profound reduction in hemoglobin, serum iron, sucrase, lactase and maltase levels compared to the control group. Rats born to IDM and nursed by ISM for a period of 21 days were able to correct the hemoglobin, serum iron and sucrase levels compared to control rats. This indicates that there was enough iron in the milk of ISM to reverse these findings within a period of 21 days. The lactase and maltase levels were not corrected during this period of time.
Rats born to and nursed by IDM for 21 days, when placed on an ISD and given intramuscular iron dextran on day 21, showed an increase in hemoglobin, serum iron, sucrase and maltase levels. This indicates correction of these deficiencies, which were induced by iron deficiency, during the fetal and nursing period by a 7 day treatment of ISD and intramuscular iron. The lactase deficiencv was not corrected in a group of rats born to IDM but nursed by ISM.
Study 111: Effect of iron deficiency during the nursing period on the hemoglobin, serum iron and disaccharidase levels in rats 21 days of age born to iron sufficient mothers and the effect of iron therapy. Seven pups born to ISM were nursed by IDM and maintained on IDD. Four were sacrificed at 21 days (Group V) and three were levels. Following an ISD for 7 days and IM iron, the hemoglobin, given iron at 21 days, placed on an ISD and sacrificed at 28 days serum iron, sucrase and maltase levels returned to control levels. (Group VI). The control group, born to ISM, nursed by ISM and In keeping with Study 11, lactase did not respond as rapidly to maintained on ISD consisted of 10 animals. Table 3 shows that correction of iron deficiency as did the other enzymes. hemoglobin, serum iron and intestinal lactase levels in the rats Study ZV: Effect of iron defciency during thepostweaningperiod born to ISM but nursed by.IDM were significantly below control on hemoglobin, serum iron and disaccharidase levels in rats 84 days : : : of age born to and nursed by iron sufficient mothers and the effect of iron administration. In order to establish a model that might most closely approach the situation in man, a fmal investigation was conducted. Seventeen pups born to ISM were nursed by their mothers and at day 21 placed on an IDD. On day 83 lactose tolerance tests were performed on 8 animals (Group VII) and matched controls. The animals were sacrificed the following day. The remaining nine rats were given iron dextran, placed on an ISD, and on day 91 subjected to lactose tolerance testing (Group VIII) as were a comparable control group. The experiment was terminated the following day. The data in Tables 4 and 5 show that anemia due to iron deprivation in the postweaning period was accompanied by a highly significant reduction in disaccharidases and an abnormal lactose tolerance test (Fig. 3 and 4) . Iron supplementation rapidly improved all parameters.
DISCUSSION
Investigation into disaccharidase activity in iron deficiency is scant. Early studies (3, 5) indicated that chronic nutritional iron deficiency results in reduced sucrase, lactase and maltase activities in postweaning growing pups. Sriratanaban and Thayer (14) reported that during the postweaning period, iron deficient rats had lower disaccharidase activities. They concluded that disaccharidase deficiency in iron deficient rats was not due to protein calorie malnutrition but was due to iron deficiency per se. - The results of our study demonstrate that rats, made iron deficient in utero and during the nursing and postweaning periods, have decreased jejunal disaccharidase activities. After the rats were treated with iron the lactase activity during the nursing period remained decreased whereas reduced sucrase and maltase activities returned to normal values. During the postweaning ' Rats born to ISM; nursed by ISM; and maintained on ISD. Fig. 3 . Lactose tolerance curves in iron deficient rats and controls before iron treatment.
period (at 91 days of age) lactase activity returned to normal whereas sucrase and maltase remained decreased. This varying response to iron treatment in certain disaccharidases in different stages of development are probably very much related to the postnatal development of various digestive and absorptive functions of the small intestine. In the rat, it has been shown (1) that lactase is detectable on the eighteenth day of gestation, has maximal activity during the first wk after birth, and then begins to decline, reaching adult values by the end of the fourth wk. Sucrase and maltase, however, are very low in the intestinal mucosa of suckling rats and then rise suddenly during the third wk, reaching adult values by the end of weaning (11, 12). Our study also revealed that protein concentration is roughly related to enzyme activity on the brush border membrane and that the entire protein profile is altered by iron deprivation. We integrated the enzyme activity and the corresponding protein absorption along the gel. The ratios were variable but sufficient to say that iron deficiency leads to altered enzyme profiles and decreased total activity. Iron deficiency appears to alter the entire protein synthetic mechanism or at least a significant component thereof.
In conclusion, iron deficiency in rats results in reduction of jejunal disaccharidase activities probably by altering the enzyme in the brush border membrane. Varying degrees of reduction of disaccharidase and response to iron treatment of certain disaccharidases are related to the timing of iron deprivation during the postnatal development of digestive and absorptive functions of the small intestine. It should be emphasized that iron deficiency has a profound effect on protein synthesis, not necessarily related to iron content (15) . The alterations in the levels of disaccharidases represent only a fraction of this effect. The significance of lactase deficiency is probably due to the fact that it is present in low amounts. Decreased synthesis of this enzyme results in a critical lack whereas both sucrase and maltase have much greater reserves. The importance of diminished activity is of course dependent on the age of the animal and its diet.
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